Real-time, in-situ control of reactive ion etching is shown to reduce loading disturbance in an Applied 8300 reactive ion etch system. The etch process vehicle is CF 4 etching of polysilicon. A real-time, multivariable feedback c o n trol strategy where key plasma parameters are fed back has been developed. This strategy is experimentally compared with standard industry practice and is shown to reduce the loading e ect by 80. This quanti cation of improvement is carried out in terms of a model from the literature which is reviewed and experimentally validated for the etch equipment and process used.
Introduction
Fabrication of today's 0.25m CMOS devices takes 200 to 300 process steps. In order to reduce the variance in device characteristics, the variance in the output characteristics of the constituent process steps must be reduced. Reactive ion etching RIE is one of the key process steps that is repeated numerous times during the fabrication of a device. Our group at the University o f M i c higan is applying multivariable feedback c o n trol to the RIE process in order to reduce the variance in select etch c haracteristics 1 . Results from related e orts at other institutions on the control of semiconductor manufacturing can be found in the literature 2 7 . Important c haracteristics of the etch process include: etch depth, sidewall pro le, surface roughness, selectivity, etch rate, and etch depth uniformity across the wafer surface. The relative importance of these characteristics depends upon the function of the layer being etched. For instance, during fabrication of a transistor gate region, a polysilicon layer is etched down to a thin gate oxide. Selectivity t o t h e o xide is of primary importance since only a small variation in the oxide layer is tolerable. The other key requirement is critical dimension control 8 .
Design of experiments DOE can be used to locate an operating point w h i c h o ers good performance in the characteristics of most importance while maintaining adequate performance in the characteristics of secondary interest 9 . Models generated from the DOE data are used to achieve t h i s g o a l .
The RIE system is susceptible to disturbances which increase the variance of the output characteristics regardless of the operating point selected. Disturbances that a ect the RIE process include load, chamber seasoning, variation in the RF power generator and matching network, variation in the mass ow c o n trollers, and water vapor and other contaminants. Load refers to the total surface area of material to be etched, which is a function of the number of wafers and the pattern on each wafer. Our goal is the design of multivariable feedback c o n trol systems which a r e able to compensate for these disturbances and thereby reduce the process variance.
This paper describes a detailed study which demonstrates that by applying a form of multivariable feedback c o n trol to RIE, the e ect of variation in the load on the etch rate is dramatically reduced. Typically when the load is increased the etch rate decreases. This phenomenon is commonly known as the loading e ect 10 . The loading e ect is known to be signi cant in certain etch c hemistries such as uorine etching of silicon. An excellent p h ysical model describing the loading e ect exists which facilitates quanti cation of the reduction in loading e ect 11 . Although multivariable feedback c o n trol reduces the loading e ect, it is not a method for reducing the microloading e ect, a related phenomenon where local variations in the pattern density cause local variations in the etch rate. This is because available sensors and actuators address the bulk characteristics of the plasma and not local phenomena. Instead, the use of DOE is appropriate 12 .
Loading e ect is undesirable because it is a source of variance in the etch rate. Because of the variance in the etch rate, selection of the appropriate etch time is di cult. Selection of the proper etch time becomes even more di cult when considering that the etch rate also changes during an etch due to loading e ect. Because of nonuniformity, w afers are typically overetched to ensure that all the material is remove d . A s t h e e n d o f t h e e t c h approaches, less material is left and the etch rate increases. The sidewalls become the focus of the etchant a n d a n y additional etch t i m e c o n tributes at a greater rate to undercut, one of the wafer qualities of interest. Consequently, the process yield may be reduced and costly trial runs are necessary to establish the proper etch time for new loads.
A n umber of procedures are discussed by W olf and Tauber 10 for reducing the loading e ect. The chamber size or gas ow m a y be increased, although the increase would need to be quite dramatic to make m uch di erence. An electrode may be constructed out of the material being etched. The load would then be relatively constant a s w afers would only be a small proportion of the load. This solution would severely reduce the throughput of the system.
In an earlier work 1 , some data was presented which f a vorably compared multivariable feedback c o n trol to conventional control with respect to loading e ect; however, since only four etches were conducted, the results are limited by measurement error. This paper also demonstrated the superior performance of multivariable feedback control in rejecting an oxygen disturbances and a power disturbance.
In this paper, we present the results from a detailed and systematic experimental study with the aim of quantifying reduction in loading e ect using real-time multivariable feedback c o n trol as compared to the conventional practice of keeping power, pressure, and ow constant. The Experimental section presents the multivariable feedback c o n trol strategy and the conventional control method with which it will be compared, the equipment used and the speci c details of the study. I n the Results section, it will be shown that a model for loading e ect developed in the 1970s is applicable to the RIE system this study was done on. This model will be used to quantify the loading e ect. Studies at two di erent operating points for uorine etching of silicon were conducted and the results in both cases show a reduction of better than 80 in the loading e ect. Similar results are expected for uorine etching of silicon dioxide oxide, however for chlorine based chemistries, the loading e ect is reported to be negligible 10 and multivariable feedback c o n trol would be used for other purposes.
The bene ts of multivariable feedback control are further reaching than demonstrated by the results in this paper. Though only reduction in the etch depth variance is discussed, similar bene ts are anticipated for other etch c haracteristics. The multivariable feedback c o n troller by c o n trolling key plasma characteristics, controls the chemical and physical etch c o m p o n e n ts. Therefore, the etch c haracteristics which depend on the interaction of these mechanisms are also controlled.
Experimental
Control Strategy Modern control theory which has made a signi cant impact in aviation has tremendous potential in the area of semiconductor manufacturing. Multivariable feedback c o n trol o ers the option of controlling the state of the system by manipulating the equipment inputs. Application of multivariable feedback control in itself does not guarantee an improvement in the process performance; the key to successfully reducing variance is to choose the controlled variables which are most closely related to the performance of the etch process. Ideally, DOE and regression analysis are used for this purpose although feedback v ariable selection may also be based on a phenomenological model of the system. Also accurate and reliable sensors must exist for each o f t h e v ariables to be controlled.
Multivariable feedback c o n trol was developed for an RIE system where a CF 4 plasma is used to etch polysilicion. The RIE process can be conceptually decomposed into two sub-processes, the Plasma Generation Process PGP and the Wafer Etch Process WEP as shown in Fig. 1 1 . In the PGP, the control inputs, RF power, throttle position and CF 4 Ar ow, as well as disturbances, including load and water vapor, contribute to determine the state of the plasma, which is partially described by t wo important plasma variables, the uorine concentration, F , and bias voltage, V bias . Fluorine is the dominant e t c hant species and V bias is used as a measure of the physical energy of the impinging ions. Inputs to the WEP include F and V bias , and disturbances include the variations in the plasma state, the wafer surface conditions, etc. The outputs of the WEP include etch depth, uniformity, selectivity and the wall angle.
The multivariable feedback c o n trol strategy for the work in this paper uses power and throttle to control V bias and F as illustrated in Fig. 1 . This control strategy will be referred to as plasma system control PSC. The rationale for holding these variables constant is threefold. First, the plasma variables V bias and F are more directly related to the etch rate and other output characteristics than the power and pressure, which are held constant c o n ventionally. Most of the disturbances, including all those listed above, a ect the PGP and not the WEP, s o b y controlling the plasma variables, the e ects of these disturbances can be mitigated. Second, the PGP plant i s m uch easier to model empirically than the WEP. A model of the system around which feedback is applied is necessary to develop the controller. Third, no in situ sensors for the wafer etch c haracteristics are needed to implement this control strategy. This is a major advantage since it is often di cult to have reliable sensors for the wafer etch parameters.
A linear, time invariant controller with integrators for each output is used to control the PGP. T o build this controller, a linear model of the plant is obtained around each operating point. A square wave input is applied rst to throttle and then to power, and the system responses are recorded. From this data, a transfer matrix describing the plant is generated using classical system identi cation techniques. At the 1000W, 30sccm, 20mTorr operating point, the following transfer matrix was obtained: To design the plasma system controller, a state-feedback c o n troller is designed by minimizing a quadratic function including input, output and error terms. Loop transfer recovery LTR is used to generate an observer to determine the plant states without compromising the robustness of the state feedback c o n troller. The state-feedback c o n troller and the observer are then combined to form an output feedback controller. An eleventh order controller was found which w as reduced to a fth order controller based on the Hankel singular values of the original controller for each operating point used in this study.
Plasma system control was compared with the RIE mode of operation commonly used in industry and recommended for the Applied 8300. In this mode, which will be referred to as conventional control CC, the power and gas ow are held constant and the pressure is regulated using a PID controller where the throttle is the actuator.
Equipment Experiments were conducted on a non-loadlocked, Applied Materials Precision Etch 8300 reactive ion etcher. Typical operating conditions include pressures ranging from 10 to 70 mTorr, powers ranging from 600 to 1600 W and gas ows ranging from 15 to 200 sccm. The powered electrode, driven at 13.56 MHz, is a hexode and has 18, four inch w afer pedestals. The feed-stock gas, CF 4 premixed with 5 Ar, is fed into the system through a sprinkle head arrangement a t e a c h o f the six corners. Exhaust ow i s c o n trolled with a butter y valve called the throttle.
Two re ectometers are hooked up to this system, a white light re ectometer and a HeNe re ectometer, to provide two separate measures of the etch rate. The etch rate may be calculated from the HeNe re ectometer data using peak valley subtraction. The white light data, which includes the data for 50 di erent w avelengths, provides a more accurate estimate of etch rate though not in real-time and only with a great deal more computation 13 . Data from both the HeNe and white light re ectometers was collected for the experiments in this paper.
Actinometry is used to sense F where 5 Argon is used as the tracer gas. Actinometry was developed as an improved method to use optical emission spectroscopy OES for accurately obtaining reactive particle densities given disturbances such as window coating and etching, and shifts in the electron energy distribution function 14, 15 . Actinometry measurements are taken using Spex 500M monochromators aligned to the 703.7 nm uorine and the 750.4 nm argon lines. Since the light is collected from a bifurcated optical ber looking through a window in the unpowered electrode towards the powered hexode, the measurements represent a n a veraged bulk value without any spatial resolution. Note that the optical ber is not pointed at a sample since the re ection of the changing sample would introduce a periodic error into the F measurement. Further details on this sensor can be found in 13 .
Despite the natural robustness of actinometry, some drift in the sensor does occur over long periods due to variation in the position of the uorine and argon lines and in the intensities of these lines for a standard plasma relative t o e a c h other. To compensate for this drift, a calibration routine was developed where the monochromators are compared at the uorine and argon wavelengths and their relative strengths are recorded 16 . The ratio of these two i n tensities is termed the optical gain and is incorporated into the actinometry equation used to determine F . Although a thorough long term study has not been conducted, we believe this procedure will allow successful application of plasma system control to a production line.
The plasma system controller was implemented on a Gateway 2000 personal computer using software developed in LabVIEW T M . All pertinent data was recorded using this software for both the PSC and CC experiments.
Description of Experiments The loading e ect was studied at two operating points: operating point A opA: 1000W, 20mTorr, 30sccm and operating point B opB: 1000W, 40mTorr, 40sccm. The controller was designed for operation in the reactant limited regime and therefore operating points in the reactant limited regime were selected. In other regimes, selection of alternate feedback v ariables may be appropriate. Operating point A, because of it's lower pressure, utilizes much more ion bombardment for etching than opB. The ions collide less with other particles in the sheath, and therefore, are able to develop more kinetic energy. Greater anisotropy and surface damage should be expected for opA.
For each operating point, the load was varied from 1 to 5 wafers. The etch rate was measured on unpatterned wafers of 600 nm polysilicon on 32 nm silicon dioxide on silicon. This stack of materials provides a nice re ection from the incident re ectometry light sources thereby enabling the acquisition of good re ectometry data. Bare silicon wafers were used for additional loading. The etch rate for polysilicon is about the same as that for silicon.
The change in etch depth from 400 to 600 seconds from the white light re ectometry data was used to calculate an average etch rate. The reason behind this is as follows: The etch rate under the conventional control mode of operation changes throughout the etch due to the water vapor disturbance as shown in Fig. 2 17 . The impact of this disturbance is much l e s s o ver the second half of the etch in comparison to the rst half. The magnitude of the water vapor disturbance depends upon the humidity in the clean room, the polymer buildup on the chamber walls and the time that the chamber was left open to load the wafers. Although a stopwatch w as employed to maintain a consistent c hamber open time from run to run, variation in the other two factors, particularly from day t o d a y, could not be regulated.
The reference values for PSC correspond to F and V bias at steady state under conventional control. For opB, a second set of reference values was selected to show that the etch rate under PSC can be adjusted without much e ect on the loading e ect.
Results
Loading E ect Model A simple physical model of the loading e ect for a radial con guration reactor was developed by Mogab and Flamm 11, 18 . We will show that the experimental data from the Applied 8300 hexode reactor ts this model extremely well.
The Mogab-Flamm model is based on a balance equation for the dominant etchant species which in this case is uorine. Atomic uorine is removed from the chamber by one of several events. Fluorine is either consumed by etching reactions, bonds to the wall, or is removed by the pump. Let us denote rates for these three events by k etch , k wall and k pump . Fluorine is generated in the plasma at a rate per unit volume, G. A balance equation can be written in terms of these rates: This relationship is nonlinear; however, the ratio of E n to E 0 , w h e r e E 0 is the theoretical etch rate with zero wafers loaded, is linear with n.
E 0 E n = 1 + n k etch A wafer k wall A + k pump V = 1 + n 5
Here, is the ratio of etchant consumed due to etch, to the etchant consumed in other ways. When this ratio is small, then the loading e ect is not signi cant. Thus, the magnitude of is a useful parameter to quantify loading e ect. Note that depends on the chamber geometry and process conditions.
Conventional Control Results
The operation of the Applied 8300 while under CC was studied at opA and opB. Figures 2 and 3 contain plots of the etch rates versus time at opA and opB respectively at loads of 1, 2, 3, 4, and 5 wafers. These etch rates are from the HeNe re ectometry data. Figure 4 shows the corresponding thickness plots for opA which w ere derived from the white light re ectometry data.
Clearly the e ect loading has on etch rate is very dramatic. Figure 5 shows plots of V bias , F , throttle and etch rate for an etch of four wafers under CC at opA. These plots are representative of all the CC etches in this study. Power, pressure and ow are held constant. Throttle is adjusted in order to maintain the pressure setpoint. The etch rate and F are much greater at the beginning of the etch due to the desorption of water vapor from the chamber walls which w as absorbed when the wafer was loaded. The water molecules react with the CF 4 to form primarily carbon monoxide CO, carbon dioxide CO 2 , hydrogen H 2 and additional F. As the water vapor burns o , the F and correspondingly the etch rate decrease to steady state. The presence of H 2 O during the initial part of an etch in the Applied was con rmed by monitoring the 656.1 nm Hydrogen OES line. Figure 6 contains plots of the uorine actinometry signals for the ve C C etches at opA. The uorine concentration measurement decreases in general with increasing load as predicted by Eqn. 2. Each of the F signals increases brie y when the polysilicon layer has been etched through. For instance, for a load of two w afers, the polysilicon layer was etched through at approximately 800 sec. While the oxide is being etched, for the case of an n wafer load, the uorine concentration increases to the level of an etch with a load of n-1. This is intuitively appealing since the oxide layer does not appear to load the RIE system. Remember that all the load wafers are bulk silicon and only one wa f e r h a s a n o xide layer. Once the 32 nm oxide layer has been removed, the F returns to its previous level.
The relationship between etch rate and F for each of the CC etches between 300 and 700 sec is shown in Figs. 7 and 8 for opA and opB respectively. Data points from before 300 sec are not included because F changes too much b e t ween etch rate data points. The assumption that etch rate is proportional to F is clearly valid for both operating points. Good linear correlation between F and etch rate is very signi cant as it is the basis of our feedback c o n trol strategy. Figures 9 and 10 show the relationship between the inverse etch rate and the load for opA and opB respectively. This data ts the Mogab Flamm model, which predicts a linear relationship. A least squares t of the data to the model produced the following results: = 0 . 1 2 w i t ĥ = 0.019 for opA under CC, and = 0.24 with^ = 0.034 for opB under CC where^ is the standard error. Clearly the Mogab Flamm loading e ect model is valid for the Applied 8300 reactor.
Plasma System Control Two series of etches were conducted at opA to quantify the loading e ect of the Applied 8300 reactor under PSC. Plasma System Control 1 PSC1 is the label for a series of four experiments at opA. Plasma System Control 2 PSC2 is the label for a series of ve experiments at opA run about one month later. The CC etches were conducted one week after the PSC1 etches.
The etch rate plots for PSC2 are shown in Fig. 11 . The corresponding etch depth plots for PSC2 are shown in Fig. 12 . Comparison with Fig. 2 and Fig. 4 shows that the etch r a t e v aries much less with load when under PSC than when under CC. The etch rate increases during the run due to dilution of the argon tracer gas used in the actinometry-based estimate of F caused by t h e w ater vapor disturbance. The percent argon composition in the plasma is assumed to be 5 as it is in the feed gas. Due to the dilution caused by the water vapor, the percentage of argon is actually somewhat less. As a result, the F is overestimated and the controller forces the actual F to a lower level than desired. Therefore, the etch rate is lower than in the CC case.
Two sets of PSC experiments were conducted at opB. The V bias and F reference values for the rst set, labeled PSC3, were 350V and 40 which correspond to the values of V bias and F at steady state under CC. The CC etches were conducted on the same day. A second set of experiments, labeled PSC4, was conducted one week later to show that the etch r a t e c a n b e c hanged without compromising the loading e ect reduction. The set-points for the PSC4 experiments were 365V and 90 which correspond to the values of V bias and F after etching a single wafer 20 minutes under CC. The etch plots for PSC3 are shown in Fig. 13 . Again the argon tracer gas is diluted by the water vapor adsorbed when the wafers were loaded resulting in an overestimate of the F . Consequently the etch r a t e i s l o wer at the beginning of the etch.
Plots of the equipment inputs that are adjusted by the controller, the plasma variables being controlled, and the etch rate for an etch o f f o u r w afers are shown in Fig. 14 . In this case, the power and throttle are adjusted to regulate V bias and F . Because the plasma variables are held constant, the etch r a t e i s m uch more consistent throughout the run in comparison to the CC etches. Figure 15 shows the etch rate versus load for opB under CC and PSC. This plot illustrates that the etch rate under PSC can be varied by c hanging the reference values. The reference values for PSC4 were selected so that the etch rates at single wafer loads under CC and PSC correspond.
Given Eqn. 3 and the fact that PSC regulated F to the same value for each load, one would expect that the etch rate for each l o a d w ould be exactly the same. Figures 9 and 10 show that the Mogab Flamm model is not perfect. Figure 9 illustrates the relationship between inverse etch rate and load under PSC at opA. A linear t to the data from the PSC1 and PSC2 experiments yields the following result: = 0.024 with^ = 0.026 for opA under PSC. Notice that this value of is much smaller than that observed for CC. If we compare this value of against that for the case of CC, we conclude that there is an 80 reduction in loading e ect as a result of using PSC. Figure 10 illustrates the relationship between inverse etch rate and load under PSC at opB. Linear ts were made to the data for each data set in order to quantify the loading e ect in each case with the following results: = 0 . 0 2 w i t ĥ = 0 . 0 0 0 6 for opB for PSC3, and = 0.04 with^ = 0.013 for opB for PSC4. The improvement in loading e ect rejection from CC to PSC4 is 83.
These experiments were conducted on a hexode reactor but are also applicable to other con gurations such as a parallel plate, single wafer reactor. The loading e ect for a single wafer varies depending on the pattern which is re ected in the a wafer term in Eqn. 5. As in the case of a multiwafer reactor, the multivariable feedback controller should virtually eliminate the loading e ect by regulating F and V bias since etch rate is a function of these two plasma variables similar to Eqn. 3.
These results are also generalizable to other plasma etching problems. Typically, plasma etching involves two distinct but synergistic etch m e c hanisms: physical etching caused by ion bombardment and chemical etching caused by surface chemical reaction. If appropriate sensors for key plasma variables that are related to these etching mechanisms can be devised, then real-time control of these variable may yield signi cant bene ts.
Conclusions
The goal of the research discussed in this paper was to quantify the reduction in loading e ect when real-time, multivariable, feedback c o n trol is used rather than standard industry practice to control RIE. An 80 improvement w as demonstrated for two di erent operating points for uorine etch of silicon in an Applied 8300 RIE reactor. Reduction in the variation of the etch rate due to water vapor disturbance was also shown. This work shows that signi cant gains may be obtained by using techniques from control and systems theory in semiconductor manufacturing processes. Our current w ork is directed along these lines. Figure 11: Etch rates for experiments at opA under PSC. The variation in etch rate due to load is clearly much less than in the CC case. Etch rate is less at the beginning of each etch because water vapor from the walls is diluting the gas mixture causing an in ated estimate of F . Figure 13: Etch rates for experiments at opB under PSC. The variation in etch rate due to load is clearly much less than in the CC case. Etch rate is less at the beginning of each etch because water vapor from the walls is diluting the gas mixture causing an in ated estimate of F . CC data PSC3 data PSC4 data Figure 15 : Etch r a t e v ersus load for experiments at opB. This plot demonstrates that the etch rate can be selected using PSC. T h e c hange in thickness from 400 to 600 seconds is used to determine the etch rates used in the loading e ect plot shown in Fig. 9 6 Fluorine plots for experiments at opA under CC. The top trace through the bottom trace correspond to loads of 1 wafer through 5 wafers respectively. The uorine concentration is greatest at the beginning of the etch due to the water vapor adsorbed to the chamber walls when the wafers were loaded. 
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